pronounced than for other rubbery polymeric materials. The biofouling-resistance properties in foulingrelease coatings were also studied for these amphiphiles. It was found that the diffusion coefficient does not have any influence on the biofouling-resistance results for the studied compounds. Instead, the chemistry of the hydrophobic block of the amphiphiles is much more significant, with PEG-PDMS block copolymers showing the best properties among the studied compounds.
C0
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Introduction
Additives are usually used to modify the processing and final properties of polymeric materials.
Plasticizers, antioxidants and flame retardants are examples of such additives [1] . The use of surfaceactive additives has gained interest as an easy, cheap and fast way to modify the surface properties of polymeric materials. These surface-active compounds (usually block copolymers) migrate to the material surface and cover it, thus significantly changing the surface properties of the material with a very small impact on its bulk properties [2, 3] . For example, James et al. [4] added a fluoro-modified polystyrene additive to a polyester to improve its stability against hydrolysis. Miyata et al. [5] added polydimethylsiloxane-(PDMS) based copolymer additives to a PDMS membrane in order to improve the ethanol permeation selectivity of the membrane. Likewise, Wu and Hjort [6] added triblock poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) (PEG-PPG-PEG) copolymers to PDMS to supress nonspecific protein adsorption on the surface of microfluidic devices. Furthermore, Røn et al. [7] used poly(acrylic acid)-and poly(ethylene glycol)-based block copolymers to improve the lubricity of PDMS surfaces. In the field of coatings, surface-active additives have been employed for a range of purposes: as stabilizing agents for single-wall carbon nanotubes [8] and for bactericidal silver ion delivery in polyurethane-based coatings [9] . Moreover, they have been used to increase the colloidal stability in emulsion polymerization for latex coatings [10] and to improve the flowing and levelling properties of polyurethane coatings [11] to mention some examples.
Irrespective of the intended use of these surface-active compounds, they have a tendency to diffuse and migrate to interfaces [3] . Siloxane additives used as flow agents migrate to the surface of automotive clearcoats, compromising the adhesion of pressure-sensitive adhesives on the clearcoats [12] , and it has been reported [13] that the surfactants used in latex-based coatings can exudate to the interfaces of the latex film, giving rise to optical and adhesion problems. On the other hand, the diffusion of surfaceactive additives to the coatings' interfaces has beneficial effects in other cases. Polyfluorinated surfactants have been used in coatings for food packaging to provide water and oil repellency [14] .
Similarly, Rixens et al. [15] used phosponic ester-and phosphonic acid-modified polymers to increase the adhesion of vinylidene chloride-methyl acrylate coatings on metal substrates. Moreover, PEG-based copolymers have been used as additives for PDMS-based fouling-release coatings to decrease biofouling and barnacle adhesion [16] .
Biofouling is the undesired accumulation of organisms on immersed surfaces such as biomedical implants, biosensors and ships [17] . The use of different kinds of surface-active compounds to decrease the amount of biofouling on fouling-release coatings is widespread. Various patents [18] [19] [20] [21] [22] [23] [24] and articles [2, [25] [26] [27] [28] in the field describe the use of both reactive and non-reactive amphiphilic copolymers in fouling-release coatings, mainly based on fluorinated, siloxane and oxyalkylane moieties. Among them, poly(ethylene glycol) has shown promising results in the biomedical field regarding fouling-resistance properties [29] . Different methods have been used to functionalize surfaces with PEG. Besides adding PEG-based surface-active compounds to change the surface properties of PDMS films, PEG has also been covalently grafted or physically adsorbed on different substrates [29, 30] . However, these methods are more expensive and are not applicable for big-scale productions like fouling-release coatings for ships. Therefore, it is believed that incorporating PEG-based copolymers and exploiting their surfaceactivity is the most effective way to obtain long-term effective fouling-release coatings. The proposed working mechanism for these additives is based on the segregation and coverage of the coating surface.
The driving force leading to the surface segregation of different kinds of polymer additives has been previously studied. Inutsuka et al. [31] investigated the segregation of PDMS-b-PEG copolymers in PDMS films under water. The migration driving force was attributed to the enthalpic gain associated with the solvation of the PEG block of the copolymer molecules at the film surface. Lee and Archer [3, 32] studied the segregation of different additives in polystyrene (PS) hosts, and similarly found the decrease in the system's energy one of the main driving forces. Regarding the covering of the coating surface, the hydrophobic block of the copolymer acts as an anchor on the surface, while the PEG block provides the fouling-release protection [33, 34] . Therefore, the long-term fouling-release protection properties of these coatings are dictated both by the hydrophobic and the hydrophilic blocks of these amphiphilic additives.
The characterization of surface segregation/enrichment in polymeric materials has been achieved by different means. Radioactive labelling [35] , infrared microdensiometry [35] , fluorescence tracing [36] , time-of-flight secondary ion mass spectrometry (ToF-SIMS) [37] and X-ray photoelectron spectroscopy (XPS) [38] have been used with successful results. Similarly, the diffusion of different migrants in polymer hosts has also been studied by methods such as Raman spectroscopy [39] , gas chromatography (GC) [39] and infrared spectroscopy (IR) [40] among others.
In this paper, the functionalization of silicone-based fouling-release coatings by addition of PEG-based amphiphiles is studied. An amphiphile is a molecule having different blocks, which provide both hydrophobic and hydrophilic properties to the molecule. Amphiphiles with three different kinds of hydrophobic blocks have been used, while PEG has been kept as hydrophilic block for all of them. The three hydrophobic blocks chosen have been: (1) alkyl hydrocarbon chains, (2) alkyl hydrocarbon chains connected to an aryl group and (3) PDMS chains, with different molecular weight and structure. A new procedure, based on a time lag method combined with an optical tensiometer, is used to study the diffusion of these amphiphiles through crosslinked PDMS films for fouling-release purposes. The use of time lag methods has previously been reported in the literature to obtain diffusion coefficients of different compounds in films. For example, Stewart et al [41] measured the diffusivity of acids through thin polymer films below and above the glass transition temperature (Tg). Valente et al. [42] , studied the diffusion of sodium dodecyl sulphate (SDS) through cellulose esters membranes, and Faucher et al.
[ 43] analysed diffusion phenomena of sodium lauryl sulphate (SLS) through rat stratum corneum. In contrast with other methods that usually require sample preparation, extraction methods, vacuum and/or long waiting times, diffusion coefficients for relatively high molecular weight (Mw) amphiphiles and block copolymers can be obtained in an easy and rapid way by using the method presented in this work. All the materials were used as received without further purification. f Coatings only used as references for contact angle and static immersion tests
Preparation of coatings
The amphiphiles listed in Table 1 were added as additives to conventional silicone (PDMS) coatings.
The coatings were prepared by mixing silanol terminated PDMS with a trifunctional oximinosilane crosslinker (vinyl tris(methyl ethyl ketoxime) silane) using xylene as solvent. Iron oxide Bayferrox 130M
was added as red pigment so it accounted for 5% of the dry weight of the film. Surface treated fumed silica Aerosil R8200 was added so it accounted for 1% of the final weight of the film. The pigment and the silica were premixed with the PDMS binder in a pearl mill for 1 hour. The amphiphiles in Table 1 were added so they accounted for 4% of the total weight in the dry film. The mixtures were applied on glass slides substrates (2.5 x 7.5 cm) using a 6 cm Dr Blade applicator with a 400 µm gap and cured for a week at room temperature. These coatings were used for the study of the diffusion coefficients.
The mixtures were also applied on poly(methyl methacrylate) (PMMA) substrates (10 x 20 cm) using a 8 cm Dr Blade applicator with a 400 µm gap and cured for a week at room temperature. Then, the top half-part of the panel was protected with aluminium foil, and the bottom part was covered (spray-applied)
with an additive-free PDMS coating (coating 14 in Table 1 ). The wet thickness applied was approximately 350 µm, and the panels were cured for a week at room temperature. These coatings were used to study the diffusion and fouling-resistance properties of the additives (see Figure 1 ). Note that all the analysed coatings were biocide-free, i.e., the protection against biofouling was solely provided by the amphiphilic additives investigated and the physico-chemical properties of the PDMS surface. Figure 1 . Preparation of the coatings for seawater exposure, with two layers. The first layer consisted of a coating containing 4 wt% of the studied amphiphiles, and half of the cured coating was overcoated with a layer of an additive-free coating.
Free-film coatings were applied using a 15 cm Dr Blade applicator with different gap size on poly(ethylene terephthalate) (PET) substrates, and cured for a week at room temperature. These coatings did not contain any of the studied amphiphiles (see coating 14 in Table 1 ). Three different thicknesses were applied, and the thickness of the final dry films were measured by use of optical microscopy. The coatings were cut with a scalpel and the cross-section of the coatings was analysed in the optical microscope. The measured thicknesses were l1 = 85 ± 2 µm, l2 = 132 ± 3 µm and l3 = 168 ± 16 µm (average of three measurements). These films were used as "membranes" to study the diffusion coefficients of the different PEG-based amphiphiles, as explained in the following sections.
Molecular weight measurements
The molecular weight of the different amphiphiles used can be found in Table 1 . The molecular weights reported are based on Size Exclusion Chromatography (SEC) measurements calibrated with PEG standards. The molecular weight values obtained were compared with those provided by the suppliers, when available, showing differences below 5%. The only exception was Tween 85, which showed a large difference, probably due to the highly branched structure of this amphiphile. Therefore, the Mw value provided by the supplier has been used for this compound.
The molecular weight of the silanol terminated PDMS used as binder was determined based on its viscosity. By using Equation 1, proposed by Barry [44] in 1950, it was estimated that the molecular weight of the PDMS binder used was 45000 g/mol, significantly higher than the molecular weight of the studied amphiphiles. Note that for this kind of networks, the molecular weight between crosslinks (Mc)
coincides with the molecular weight of the binder, and is sometimes referred to as the "molecular weight of the network". The molecular weight between crosslinks (Mc) was kept constant throughout all the experiments.
In Equation 1, µ is the viscosity of the polymer in cSt (1 cSt = 10 -6 m 2 /s), and Mw is the molecular weight of the polymer in g/mol.
The time lag method
The time lag method presented here is inspired by a methodology that was first developed by H. A.
Daynes [45] in 1920, in studies of the diffusion of gases through rubber membranes. The method allowed calculation of diffusion and permeability coefficients for systems following Fick's diffusion law with negligible resistance at the interfaces. In those experiments, one side of a rubber membrane, of thickness l, was exposed to a gas (e.g. hydrogen) while the amount of gas released on the other side of the membrane was monitored by a katharometer. It was found that after a period where no gas was detected, the so-called time lag, the concentration of the gas started increasing at a constant rate (see [45] was replaced by an additive-free PDMS coating (film). The concentration gradient of diffusant was now provided by, on one side, a PDMS film containing 4 wt% of the studied amphiphile, while a droplet of fresh water was placed on the other. To asses the presence of diffusant on the second interface, a tensiometer was used to monitor the contact angle of the water droplet. It is well-known that the presence of a surface-active additive in PDMS results in a change on the properties of the surface and, therefore, the contact angle changes [46] . An example of the results obtained by this method can be seen in Figure 2b , where the contact angle is plotted over time. A lag time can clearly be identified, after which the contact angle drops due to the presence of the amphiphile. This change in slope is used here to identify the time lag L. Assuming that the diffusion coefficient is independent of the thickness of the membrane, the concentration of the diffusant and time, Fick's law can be solved for that system. It has been shown [45] that the diffusion coefficient can be calculated from the time lag value through Equation 2:
where L is the time lag in s, l is the thickness of the membrane in m and D is the diffusion coefficient in m 2 /s. Later, this model was extended to other geometries and cases, such as when the diffusion coefficient is dependent on the concentration or when there is an initial concentration C0 of diffusant in the membrane, to mention some examples [47, 48] .
However, different cases have been reported to differ from the conditions/assumptions that led to Equation 2: systems with non-negligible entry resistance at the interfaces of the membrane and timedependent diffusion coefficients [49, 50] . Likewise, polymer membranes near or below their glass transition temperature show much larger relaxation times, having a strong influence on the diffusion processes hosted [51, 52] . Some authors have referred to these deviations as "non-Fickian anomalies"
and have added a term, δL, to Equation 2 to account for these anomalies [49, 51] (see Equation 3 ).
Others, however, defend that the addition of this term is not necessary and that all these "non-Fickian anomalies" can in fact be described by Fick's diffusion law if the proper boundary conditions are used By assuming that the term δL is independent of the thickness of the membrane, a plot of L vs l 2 can be used to obtain D coefficients, while an ordinate intercept is obtained with value δL [49] . It is also assumed that the free volume of the films is approximately the same for all the coatings investigated and that no swelling by water occurs in the additive-free PDMS membrane. Moreover, the substrate film containing 4 wt% of the studied amphiphiles is assumed to be homogeneous with the amphiphile available on the surface, so no diffusion path is added from the lower film to the interface of the two films. Finally, due to the amphiphilic nature of the studied additives, formation of micelles is expected within the PDMS films.
It has been reported elsewhere [54] , that micelles lead to an important decrease of the kinetics of segregation of block copolymers in polymer hosts. It is assumed here that the diffusion is driven by unimers (amphiphile molecules which are not part of a micelle) and that the presence of micelles has a negligible effect on the diffusion process of the unimers. Under these assumptions, Equation 3 is used in this work to obtain diffusion coefficients for the studied amphiphiles. "It has not been part of the present investigation to verify the abovementioned assumptions".
Contact angle measurements
The sessile drop method was used to monitor the contact angle of a droplet of water on the different PDMS films using Dataphysics OCA20 equipment. A droplet of 25 µl of millipore water was placed on top of the different surfaces in a closed glass chamber, where the temperature was kept at 22°C. The contact angle was analysed every 2 seconds, so that a contact angle-time profile could be obtained.
Nevertheless, in Figures 4 and 5 , only one point every 30/60 seconds is plotted for clarity. Regarding the volume of the water droplet, 25 µl was chosen as a compromise: it was sufficiently large to reduce evaporation effects, but small enough, with Eötvös number below 1, so that the weight of the droplet did not have a significant influence on the contact angle [55] . The volume of the water droplet was followed using the equipment's software, but the droplet was not refilled at any point to the original volume.
Although volume loss by evaporation could not be completely avoided, detection of the time lags was not hindered.
Seawater exposure
The coatings applied on PMMA substrates (see last column in Table 1 44' 0'' E). The two locations were chosen due to their difference in water temperature and biofouling pressure. Visual inspection of biofouling on the panels was undertaken after 2 months of exposure.
Results and discussion
The main aim of this work was to study the diffusion properties of different PEG-based amphiphiles for fouling-release coatings (listed in Table 1 ). The addition of these surface-active additives to PDMS films has an influence on their surface properties. Fig. 4 shows how the contact angle of a water droplet changes within the first 10 minutes of contact with a PDMS film modified with some of the investigated amphiphiles. Note that a film with PEG (Mw = 400 g/mol) and a film without additives have been added as references (coatings 13 and 14 in Table 1 and Figure 10 ). In spite of some differences regarding the speed of change and the final value of the contact angle, it is clear that the addition of these amphiphilic compounds results in a change of hydrophilicity on the PDMS films' surfaces, both for alkyl-PEG, alkyl-aryl-PEG and PDMS-PEG amphiphiles.These surface-active additives can readily diffuse to the surface of the PDMS coatings and change the surface properties.
These films have been used for the diffusion experiments (explained in a previous section) which are presented below. The PDMS film containing hydrophilic PEG does not experience a decrease in contact angle, probably due to the fact that the molecule is not surface-active and, therefore, the driving force for segregation is much weaker. angle of about 10° is observed, probably due to evaporation effects. However, it is clear from Figure 5 that the time lags can be accurately measured for the different thicknesses investigated, in spite of this uncertainty. Figure 6 . Experimental time lag (L) values against membrane squared thickness (l 2 ) for some of the amphiphiles used, with the linear fit for each set of three points also shown. The slope of the curves has been used to calculate the diffusion coefficients (see Table 1 ). The y-axis error bars show the standard deviation of three repetitions of a single experiment, assuming its validity for all the experiments. Figure 6 ). It should also be taken into account that the high-thickness films might present higher inhomogeneity, due to the difference in curing time between the surface and the core of the film. This can also increase the variability of the results.
Nonetheless, a clear tendency can be seen in Figure 6 . The amphiphiles whose fitting curves present higher slopes (i.e. lower diffusion coefficients) present also the higher diffusion times (i.e. time lags) in the PDMS film.
Effect of the molecular weight of the diffusant
The values of the diffusion coefficients obtained range from 3.2x10 -12 to 3.5x10 -11 m 2 /s. These values are compared to experimental diffusion coefficients obtained for different diffusing species through crosslinked PDMS networks. The diffusing species found in literature have been divided into two groups:
(1) small molecules, with molecular weight below 1000 g/mol and (2) PDMS chains, which include both linear and cyclic oligomers and polymers of PDMS of different sizes, all of them above 1000 g/mol. Note that no gases have been included. An overview of the different diffusants, experimental conditions and D values reported in the literature can be found in Table 2 . a estimated from the reported viscosity using Equation 3
Although the temperature of these experiments and the molecular weight of the network (Mc) differ to some extent, they exhibit comparable values. Regarding the impact of the molecular weight of the network, it has been previously shown [59] 
Effect of the amphiphilicity (polarity) of the diffusant
To assess the effect of the chemistry of the studied amphiphiles on the diffusion coefficient, the hydrophilic-lypophilic balance (HLB) value is used. The HLB value has been traditionally used to characterize the solubility of surfactants, which determines their behaviour in many applications.
HLB values can be experimentally obtained or theoretically estimated. The saponification value has been extensively used to determine HLB values for different surfactants. For non-ionic surfactants, however, Griffin [64] suggested Equation 4 as an easy alternative to obtain HLB values when the saponification value is not available.
where E is the weight percentage of oxyethylene content, and P is the weight percent of polyhydric alcohol content (e.g. glycerol). It should be noted that Equation 4 only accounts for the weight fraction of the hydrophilic and hydrophobic groups, while the structure of the two blocks or the presence of aryl groups is neglected. Nonetheless, it is a broadly used formula in the industry of these kinds of amphiphiles. Figure 9 shows the correlation between HLB value with the obtained diffusion coefficient for the different amphiphiles. It can be seen that no apparent relationship exists between the variables. To study the influence of the chemistry and the structure of these amphiphilic molecules, a more systematic approach should be used, with synthesis of well-defined amphiphiles, varying the length and the chemical structure of the two blocks. This is, however, outside the scope of this work. Figure 10 . Coatings exposed to seawater in (a) Barcelona and (b) Singapore after 2 months of exposure (see Table 1 ).
The two reference coatings analysed, coatings 13 and 14 (the coating containing PEG400 and the additive-free coating) show significant amounts of biofouling after 2 months of exposure, confirming their poor properties regarding fouling-resistance in static conditions. By comparison with these two reference coatings, the biofouling-resistance of the modified coatings with PEG-based amphiphiles is discussed below.
First of all, all the alkyl-PEG and alkyl-aryl-PEG amphiphiles investigated show poor fouling-resistance properties in the conditions studied, as the amount of biofouling on their surfaces reached the same extent as on the reference coatings (coatings 1-5 for alkyl-PEG and 6-9 for alkyl-aryl-PEG amphiphiles).
This behaviour cannot be explained by a low diffusivity of these species, as it has been shown that they can diffuse through PDMS films in relatively short amounts of time, with lower diffusion coefficients than PDMS-PEG copolymers.
On the other hand, some of the PDMS-PEG amphiphiles investigated show good fouling-resistance properties, both in the overcoated and the non-overcoated area (see coatings 11 and 12) . This fact proves that it is possible to functionalize PDMS surfaces by adding small amounts of amphiphiles in the uncured PDMS mixture. Moreover, these copolymers can diffuse, as previously shown with the time lag method, through PDMS films and, therefore, provide fouling-resistance properties to PDMS coatings that were, originally, additive-free. However, the PDMS-PEG amphiphile with the shortest PDMS chain shows no fouling-resistance properties.
Amphiphiles with similar diffusion coefficients but different hydrophobic block (for example, Sapogenat T130 or Triton X-100) present significantly worse biofouling-resistance properties when compared to copolymers 2 and 3. Similarly, copolymer 1, the PDMS-PEG amphiphile with lower molecular weight, also presents significant amounts of biofouling. This fact, together with the presence of fouling on the coatings containing alkyl-PEG and alkyl-aryl-PEG amphiphiles, shows the importance of the anchoring block of these amphiphilic molecules. However, it cannot be clarified whether it is the chemistry or the molecular weight of the anchoring group, which plays the major role in this process, because all the alkyl-PEG and alkyl-aryl-PEG amphiphiles investigated had low molecular weight hydrophobic blocks.
Some previous studies have investigated the stability of different PEG-based surfactants and copolymers employed as additives in PDMS films, by soaking the films in water for different exposure times. It was reported that surfactants containing an alkyl group as hydrophobic block show poor stability, and the hydrophilicity of the PDMS films diminish upon immersion [30, 65] . Conversely, copolymers using PDMS as anchoring block exhibit superior stability when compared to their alkylbased homologues. However, only short exposure times (20 hours) were evaluated [30] .
The importance of the anchoring group could be two fold. On one hand, it can influence the surface coverage properties of the surfactant, which is crucial with regards to the protection against biofouling.
On the other hand, the anchoring group controls the solubility, stability and release of the amphiphiles to seawater, dictating to a big extent the long-term stability of these additives. It has been shown, nonetheless, that it is possible to obtain fouling-resistance properties by tuning the size and structure of the hydrophobic block of the added amphiphiles without compromising their diffusion capabilities. It should be noted that, in systems with another network (with a higher α value), changing the molecular weight of the blocks of the amphiphiles will result in a Mw increase that can have large consequences on the diffusion coefficient of the amphiphiles, and thus might compromise the final fouling-resistance properties provided.
Conclusions
The diffusion of different PEG-based surface-active amphiphiles has been studied in this project. A novel method has been developed for the study of the diffusion of amphiphiles in polymeric networks, such as PDMS. It is based on a time lag method modified with a tensiometer, that tracks the contact angle of a water droplet on a PDMS surface. Compared to other methods used for diffusion experiments, it provides results in a much faster way without sample preparation. The method has been successfully used to study the diffusion of additives for fouling-release coatings and experimental diffusion coefficients have been estimated for PEG-based amphiphiles in crosslinked PDMS films.
The diffusion coefficient values obtained have been compared to what has been published up to date.
The diffusion coefficients determined for the studied amphiphiles are in agreement with those of small diffusing molecules and polymeric PDMS chains in PDMS films. The molecular weight of the diffusant has an influence on D following a power law, although the effect of the molecular weight is significantly lower than for diffusing molecules in other polymeric networks. In addition to the importance of the molecular weight of the molecule, some differences between compounds of similar molecular weight suggest that parameters like the structure and chemistry of the molecules also play a role in the diffusion process. Finally, coatings immersed in seawater have shown that copolymers with PDMS as anchoring group lead to the lowest amount of biofouling, both in the overcoated and the pristine areas. These are very interesting results from two perspectives. On one side, they confirm that PDMS surfaces can be easily functionalized by the addition of small amounts of surface-active additives in an easy and cheap way. Moreover, this process is not limited by the diffusion coefficient of these additives, in spite of the relatively high molecular weight of some of the amphiphiles used. Finally, the importance of the anchoring block of the amphiphilic molecules on their fouling-resistance properties has been shown.
Amphiphiles with PEG blocks of the same length show very different fouling-resistance properties when the hydrophobic block is changed, with amphiphiles using PDMS as hydrophobic block showing the best performance. These large differences regarding fouling-resistance properties exist for amphiphiles that have coefficient diffusion values in the same range, confirming that the process is not diffusion-limited.
Instead, the structure and chemistry of the hydrophobic block exhibit a very strong influence on the fouling-resistance properties of these molecules.
